One ofthe basic features of the inducible heat shock response is the activation of heat shock factor which results in the rapid transcriptional induction of the heat shock genes. Although it is widely considered that the heat shock response is ubiquitous, several reports have indicated that the transcriptional response can vary in both intensity and kinetics and often in a tissue-specific manner. Of interest have been studies on the expression of heat shock genes in the brain, particularly observations that certain cultured neuronal cells exhibit a diminished heat shock response. We demonstrate that transcription of the gene encoding a 70-kDa heat shock protein (hsp7O) is diminished upon heat shock in Y79 human retinoblastoma cells (which are of neuronal origin) despite both the activation of heat shock factor 1 and induced transcription of another heat shock gene, hsp90a. This uncoupling of stressinduced transcription ofthe hsp7O and hsp9Oa genes, which are typically coordinately regulated in response to stress, appears to be due to the selective inability of trans-acting factors, including heat shock factor 1, to bind in vivo to the hsp7O promoter as the result of a chromatin-mediated effect.
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Heat shock proteins and molecular chaperones are necessary for essential cellular events, including protein biogenesis, protein transport, and assembly of multisubunit complexes (1, 2) . However, under conditions of physiological stress, heat shock proteins also serve to protect cells from the cytotoxic effects of denatured and aggregated nascent peptide chains and preexisting proteins (3) . In mammalian cells, the common cellular response to heat shock and other forms of physiological stress is the rapid transcriptional activation of the heat shock genes (4, 5) . This transcriptional induction is mediated by heat shock factor 1 (HSF1), which in unstressed cells exists in a monomeric non-DNA-binding form (6, 7) . Under conditions of stress, HSF1 is converted to a trimeric form which acquires sequence-specific DNAbinding activity, stress-induced phosphorylation, and relocalization to the nucleus, where it trans-activates heat shock gene expression (6) (7) (8) (9) .
The features of heat shock gene transcription for mammalian cells have been established primarily from studies using HeLa or 3T3 tissue culture cells. While these studies and those from yeast, fruit flies, and plants corroborate the central features of the heat shock response, there have been a number of observations which indicate that certain tissues or cell lines exhibit a diminished or restricted response to physiological stress (10) (11) (12) (13) (14) . The common observation is the deficient transcriptional induction of the gene encoding the major heat shock protein, hsp70.
The expression of hsp70 has achieved some interest in the neurosciences as a marker for neuronal injury (15, 16) .
Expression of hsp70 in neuronal cells is induced by ischemia, kainic acid-induced epilepsy, and trauma (15, 17, 18 ); yet the classical stimulus of heat shock does not uniformly elicit a response from neuronal cells either in vivo (19) or in vitro (12, 13) . Of particular interest have been studies on primary cultures of cortical neurons and cerebellar granule cells in which hsp70 expression is notably deficient upon heat shock (12, 13) . Considering the cytoprotective role of hsp70, the observations that certain neuronal cells have a diminished hsp70 expression may provide an explanation for the sensitivity of these cells to physiological stresses such as excitatory neurotransmitter toxicity and elevated temperatures caused by inflammation and fever (20) . In this study, we demonstrate that the inability of human Y79 retinoblastoma cells to express hsp70 upon heat shock is not due to a defect in the activation of HSF1. Instead, it is a result of the lack of binding by trans-acting factors, including HSF1, to the human hsp70 promoter. Our observations indicate that this is a gene-specific event since the human hsp90a promoter, which is also stress-inducible, is fully capable of occupancy and activation by trans-acting factors including HSF1. This genespecific event appears to be related to differences in local chromatin structure, since a transfected (exogenous) hsp70 promoter is heat shock responsive.
MATERIALS AND METHODS
Cell Culture. HeLa cells were grown in Dulbecco's modified Eagle's medium (DMEM) with 5% bovine calf serum. T98G glioblastoma cells were grown in Eagle's minimal essential medium (MEM) with 10%o bovine calf serum (21) . Y79 retinoblastoma cells were grown in DMEM with 10%6 fetal bovine serum (22) .
Transcription, Gel Mobility-Shift Assay, and Western Blot Analysis. For the nuclear run-on transcription assay, nuclei were isolated from unstressed and heat-shocked cells and the reactions were performed (23) with DNA probes for human hsp70 (pH 2.3) (24) and hsp90a (pUC801) (25) genes and as a normalization control, the rat glyceraldehyde-3-phosphate dehydrogenase gene (pRGAPDH) (26) . For the gel mobilityshift assay, whole cell extract (10 yg) prepared from unstressed and heat-shocked cells was incubated with a 32p labeled heat shock element (HSE) oligonucleotide (27 $To whom reprint requests should be addressed.
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In Vivo Genomic Footprinting. Unstressed and heatshocked cells were treated with dimethyl sulfate (DMS, 2 pug/ml). Genomic DNA was isolated and ligation-mediated PCR (LMPCR) was performed (28) . For LMPCR of the hsp90a promoter, the first genomic primer was a 19-mer, 5'-GGGACGCTGAAGCAACTGA-3', complementary to -1 to + 18 of the coding strand. The second genomic primer was a 25-mer, 5'-GCCACCCCCGCGCCTGCCTTATATA-3', complementary to -5 to -29 of the coding strand. The third genomic primer used for end-labeling was a 27-mer complementary to -5 to -31 of the coding strand and thus had the same sequence as the second primer with two additional bases (GC) at the 3' terminus. The sequence of the common linker was the same as described (28) . For LMPCR of both the proximal and distal regions of the hsp70 promoter, the genomic primers were as described (28) .
Transfections. The reporter DNA construct for the hsp70 promoter transfections was LSWT, which consists of the chloramphenicol acetyltransferase (CAT) gene under the control of the human hsp70 promoter (29) . The reporter DNA construct for the hsp90a promoter transfections was hsp89aXL-CAT (generously provided by E. Hickey and L. Weber, University of Nevada, Las Vegas), which consists of the CAT gene under the control of the hsp90a promoter. HeLa and Y79 cells were transfected by modifications of the calcium phosphate and DEAE-dextran methods, respectively (29, 30) . CAT and luciferase activities were measured as described (30, 31) . Transfection efficiencies were normalized by using a Rous sarcoma virus promoter-luciferase DNA construct in a 1:1 ratio with the reporter construct. Neither HSF1 nor Basal Transcription Factors Are Bound to the hsp70 Promoter in Y79 Cells. Heat shock-induced hsp70 transcription is mediated by HSF1 binding to the HSEs in the hsp70 promoter (28) . The hsp70 promoter (Fig. 1A) contains two HSEs, a proximal HSE from -91 to -115, composed of five inverted NGAAN repeats, and a distal HSE from -179 to -208, composed of six inverted NGAAN repeats. The genomic footprint of the hsp70 promoter of HeLa and T98G cells indicated HSF1 occupancy ofboth HSEs only upon heat shock (Fig. 1B Upper) , as shown by the appearance of guanine residue protections and hypersensitivities which are characteristic of HSF1 binding to the HSEs (28, 33) . In contrast, the pattern of DMS sensitivity corresponding to the HSEs of the hsp70 gene in Y79 cells was indistinguishable between unstressed and heat-shocked cells, indicating that HSF1 was not bound to the hsp70 promoter.
Analysis of the nucleotide sequences surrounding the HSEs in the genomic footprint of the hsp70 promoter re- Arrows indicate guanine residues protected from methylation; stars indicate guanine residues hypersensitive to methylation. Open arrows and stars denote basal interactions-i.e., methylation differences between naked DNA and DNA isolated from unstressed cells (O min). Filled arrows and stars denote heat-induced interactionsi.e., methylation differences between DNA isolated from unstressed cells (0 min) and DNA isolated from heat-shocked cells (15, 30 , and 60 min). N (naked), protein-free DNA methylated in vitro.
vealed that the adjacent promoter elements, previously characterized as sites of constitutive interaction with basal transcription factors (28) , were also unoccupied in Y79 cells. For example, the GC box (-166 to -173) and the CCAAT element (-147 to -151) (Fig. 1B Upper) , which were shown to be occupied in unstressed and heat-shocked HeLa and T98G cells, were devoid of any DNA-protein interactions in Y79 cells. Additional support for this striking difference was 86% Neurobiology: Mathur et al. KILalp, Proc. Nati. Acad. Sci. USA 91 (1994) 8697 indicated in the footprint of a proximal region of the hsp70 promoter (Fig. 1B Lower) , where a CCAAT element (-62 to -66) and GC box (-42 to -48) were unoccupied in Y79 cells but associated with factors in both HeLa and T98G cells under nonstress and heat shock conditions. These results indicate that in addition to the lack of HSF1 binding to the hsp70 promoter, this promoter does not exhibit any of the basal factor interactions which are typically found in other human cells.
We then examined whether the lack of basal factor interactions in the hsp70 promoter was simply due to the absence of these factors in Y79 cells. In mobility-shift assays with oligonucleotides corresponding to the sequences of the GC box and CCAAT box, using whole cell extracts from Y79 and T98G cells, these DNA-binding activities were readily de As shown in Fig. 2B , the HSF1 protein levels in the unstressed lanes were comparable for all three cell lines; however, upon heat shock, the Y79 HSF1 level decreases. Nevertheless, the HSF1 in stressed HeLa, T98G, and Y79 cells was inducibly phosphorylated as demonstrated by the increase in apparent molecular weight of HSF1, previously shown to be due to stress-induced phosphorylation (7). hsp9Oa Transcription Is Induced Upon Heat Shock in Y79 Cells. To establish whether the HSF1 activated in Y79 cells was functional, run-on transcription analysis was performed to examine the rates oftranscription for the hsp70 and hsp90a genes upon heat shock (Fig. 3A) . The HeLa, T98G, and Y79 cells exhibited significant transcriptional induction of hsp90a (from 13 The hsp90a HSE (Fig. 4A ) is located at residues -58 to -85 (25) and corresponds to six inverted arrays of the consensus pentamer NGAAN. In the genomic footprint of the hsp90a promoter (Fig. 4B) 6-fold, respectively. In the Y79 cells, the heat-induced increases in CAT activity for the hsp7O and hsp9Oa promoters were 11-fold and 60-fold, respectively. These results indicate that both promoters are heat-inducible in HeLa and Y79 cells. This reveals that Y79 cells can, upon heat shock, induce transcription from unintegrated copies ofplasmids containing the hsp7O promoter. Thus, the diminished heat responsiveness of the endogenous hsp70 promoter in Y79 cells is due to an inability of transcription factors to bind, which probably is the result of a chromatin-mediated effect.
DISCUSSION
We have examined the nature ofthe stress response in human Y79 retinoblastoma cells. Our goal was to determine the molecular basis in Y79 cells for the diminished hsp70 gene expression upon heat shock, which has also been observed in other cultured neuronal cells (12, 13) . We have shown that the reduced ability of Y79 cells to induce transcription of the hsp70 gene following heat shock is due to the selective inability of transcription factors, including HSF1, to bind in vivo to the hsp7O promoter. This inability represents a locus-specific phenomenon, since the hsp90a promoter is inducibly bound by HSF1 and the hsp90a gene is transcriptionally induced upon heat shock. Further, the heat responsiveness of a transfected hsp70 promoter in Y79 cells indicates that the deficiency of transcriptional induction of the endogenous hsp70 gene is the consequence of regulation at the level of chromatin structure. These observations suggest that in addition to HSF1, the inducible transcription of hsp70 requires other factors, perhaps involved in regulating access to the hsp70 locus.
The lack of detectable factor interactions on the hsp7O promoter in Y79 cells is puzzling, since the transcriptional induction of hsp70 upon heat shock is reduced but not completely repressed. The human hsp70 gene analyzed by in vivo genomic footprinting maps to the cluster of hsp70 genes in the major histocompatibility complex class III region on chromosome 6 (34, 35) . Other hsp7O genes have been mapped to chromosomes 5 (36), 14, and 21 and an unidentified chromosome (37) , but the regulation of these genes has not been well studied. Based on the lack of basal and inducible transcription factor binding to the hsp70 promoter on chromosome 6, we speculate that this hsp7O gene is inactive and the low level of induction detected by the run-on transcription assay originates from the other members of the hsp70 gene family.
Previous studies have provided the basis for the general concept that heat shock genes exhibit a highly conserved pattern of regulation which is independent of cell type or state of differentiation. However, other observations indicate that the heat shock response can vary in a cell type-specific manner. Blake et al. (38) subjected an entire organism to hyperthermia and found that the response can vary substantially among tissues such as brain, liver, lung, and skin both in the kinetics and in the magnitude of induction (38) . The results presented here offer a clear molecular basis to explain how two heat shock genes, hsp70 and hsp90a, which are normally coordinately activated, can exhibit differential regulation. The lack of HSF1 binding to the hsp70 promoter in Y79 cells may be directly related to the lack of basal factor interactions in sequences surrounding the HSE. One interpretation of our data is that HSF1 cannot bind to the chromatin template and that other factor interactions are required for HSF1 to bind. Two lines of evidence from in vitro and in vivo studies support this contention. In vitro studies on the assembly of chromatin templates reveal that HSF1 is itself incapable ofbinding to nucleosomal DNA unless a basal factor (TFIID) is also associated (39) . A related observation in Drosophila is that the GAGA factor, which plays a role in increasing the heat shock transcriptional response, is also involved in regulating chromatin structure (4, 40, 41) . Whether there is a similar factor in mammalian cells which has a critical role in regulating access of HSF1 to heat shock promoters remains to be determined.
Differences in the stress responsiveness in a cell-or tissue-specific manner are likely to be of biological significance given the critical functions ofheat shock proteins. Data on the stress response of cultured neuronal and nonneuronal cells of the brain have revealed that neuronal cells exhibit a diminished response (12, 13) . In part, this diminished response may be linked to the sensitivity of neuronal cells to excitatory neurotransmitter toxicity and the consequences of prolonged or extreme fever (20) .
